and investigated them by neutron diffraction, magnetization, electronic and thermal transport. We observe that upon Ca doping T N is decreasing to 0 for x=0.1 and T C is increasing and coincides with T MI for x>0.12, which weakly changes with Ca substitution from ~360 to ~340 K. This is the largest enhancement of T C observed for these cobaltites.
I. Introduction
Layered cobaltites RBaCo 2 O 5+δ (R=rare earth and Y) have been studied over the last several years due to interesting magnetic and electronic properties resulting from the R/Ba cation ordering along the c-axis in addition to several kinds of oxygen vacancy orderings, which depend on oxygen content. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The oxygen content can be changed over a wide range from 5+δ = 5.0 to 5.8 [6] , which changes the ground states of these materials from the charge-ordered antiferromagnetic (AFM) insulator for δ = 0 to the optimally doped band insulator for δ = 0.5, and to the heavily hole-doped metallic ferromagnetic state for δ > 0.7. The particular doping level δ = 0.5 is associated with an oxygen vacancy ordering, which manifests itself as alternating planes of CoO 6 octahedra and CoO 5 square pyramids along the a-axis of the crystal structure, each containing one While there are several studies of the RBaCo 2 O 5+δ compounds with variable oxygen contents causing conversion of the CoO 5 pyramids to CoO 6 octahedra for δ > 0.5 (or vice versa for δ < 0.5), the information about the cation substitutions in these materials with controlled oxygen content is scarce. Isovalent Ca substitution for Ba destroys the AFM long-range order and stabilizes the ferrimagnetic (FM) state. [16] Substitution of Ni for Co in GdBaCo 2-x Ni x O 5+δ strongly suppresses all the transition temperatures, [17] while
Fe substitution leads to phase separation of GdBaCo 2 O 5.5+δ into Fe-rich and Fe-free regions. [18] A particular case of substitution of heterovalent Ca for R is especially interesting because while its effect on the crystal lattice of R 1-x TGA results are presented in Fig. 1 . Fig. 1 Structural refinements were performed by the Rietveld method with the GSAS/EXPGUI suite of programs. [23] In all refinements, the background was modeled using a shifted Chebyschev polynomial with 16 refinable parameters. For Echidna, the profile function was modeled using the modified Thomson-Cox-Hasting pseudo-Voigt function (TCHZ) with anisotropic broadening. For POWGEN, Von Dreele's exponential pseudovoight convolution profile function was used. Significant deviations of the refined structural parameters (not shown in further analysis) for x = 0.20 suggested that the solubility limit was reached for that composition.
The dc magnetization was measured using a Magnetic Property Measurement System Model MPMS-7 (Quantum Design). The temperature dependence of magnetization was measured in the temperature range 5-600 K on cooling in a magnetic field of 1 kOe. From that, the Curie temperature, the Néel temperature, and the properties of the paramagnetic state were determined. Isothermal magnetization hysteresis loops were measured at several temperatures in magnetic fields up to 70 kOe. Electrical resistivity, thermal conductivity, and the Seebeck coefficient were all measured using a Physical Property Measurement System Model 6000 (Quantum Design).
III. Results and discussion
IIIa. Crystal structure At room temperature, the nuclear structure of the non-substituted parent material, While there is a general agreement concerning the size of the superstructure unit cell, the magnetic structures and corresponding space group symmetries remain debatable.
However, we note here that determining the exact magnetic symmetry for our calcium substituted samples will not be attempted in the present work because our neutron data collected at room temperature only contain weak magnetic peaks. Plans to collect neutron data at low and high temperatures are currently being pursued.
To summarize our current understanding of the structure of RBaCo Relying on single crystal x-ray diffraction and group theory considerations, Chernyshov et al. [24] proposed a model based on the Pmma symmetry in which the origin of the unit cell was shifted to (1/2, 1/2, 0) with respect to Pmmm in order to split the cobalt ions into four independent sites (two octahedral and two pyramidal sites). With this choice, the cobalt ions are allowed to have four independent magnetic moments of different magnitudes and orientations that may explain the observed weak magnetic signal. Additional splitting of the oxygen atoms is also required. Our refinements using this model were difficult to converge without the introduction of extensive structural constraints and severe damping of all the refined variables. Plots of the internal bondlengths and bond-angles as a function of increased calcium content unveiled the erratic behavior of severe structural distortions from which no physical trends could be extracted.
Shifting the origin back to that of Pmmm (Pmma-2) or using the new space group Pmaa reduces the number of independent Co sites to only two. In Pmma-2, splitting of two oxygen sites would be required whereas, in Pmaa, the splitting of only one oxygen site was needed and the refinements converged immediately without any constraints or damping. It must be noted, however, that all three models produced similar agreement factors and best-fit Rietveld plots. Plots shown in Fig. 3 were obtained using the Pmaa model. On the other hand, the magnetic structure refined in all the three models produce a perfectly aligned G-type antiferromagnetic sublattice that is not capable of explaining any ferrimagnetism. At room temperature, the observed ferrimagnetic signals of ~0.1-0.2 μ B are significantly below the typical neutron detection limit of ~0.3-0.5 μ B .
As described above, the agreement factors alone cannot be used to discriminate against one model or another; however, the smoothly varying internal bond-lengths and bond-angles obtained with the Pmaa candidate lead us to choose this space group as suitable for describing the nuclear symmetry. The magnetic symmetry, which is not necessarily the same as the nuclear symmetry, will be dealt with after collecting low temperature data with significant magnetic intensities. However, for this work, the weak magnetic intensities were fit using the symmetry of the magnetic space group Pmaa'.
Removing the time reversal symmetry of the second a-glide allows the construction of a G-type antiferromagnetic structure in which two distinct magnetic moments for Co1 and Co2 can be refined. The magnetic moments lie parallel to the a-axis with no canting allowed by symmetry in any other direction. Each spin (e.g., for Co1) is antiferromagnetically coupled with six (4 Co1 and 2 Co2) nearest neighboring spins.
Likewise, each Co2 spin couples antiferromagnetically with 4 Co2 and 2 Co1 spins. The refined magnetic moments, M x , are shown in Fig. 4 (c) and listed in Table II for the 0.08 ≤ x ≤ 0.18 (i.e., samples with discernible magnetic peaks at room temperature).
Representative best-fit-Rietveld refinements are presented in Fig. 3 for the x = 0 and 0.16 samples.
The structural results presented in Tables I and II were obtained with the assumption that the oxygen sublattice (O 5.5 ) is perfectly ordered. As some degree of oxygen disorder is to be realistically expected as discussed in Refs. [25] [26] [27] , we have investigated the possibility that the site of the O3 octahedral apices may not be fully occupied and that the otherwise "missing" oxygen would partly occupy the available vacancy sites within the pyramidal sheets. This situation would depict some degree of disorder in the otherwise perfectly ordered network of octahedral and pyramidal cobalt.
For all the samples, the fractional occupancy of O3 refined to within the range 0.90-0.99 (±0.03); thus, essentially indicating full site occupancy within one to three standard deviations which is in good agreement with the TGA hydrogen reduction results described and shown in the previous section. No extra oxygen was found, as expected for perfectly oxygen ordered materials, in any quantity at the vacant sites between the pyramids. All the remaining main frame oxygen atoms refined to full occupancy within one or two standard deviations on their respective sites (i.e., O1, O2, O4, O5, O6 and, when present, O7) and therefore they were kept fixed during the final refinements. We conclude that our samples exhibit perfect long range oxygen ordering consistent with the alternating pyramidal and octahedral structural sheets shown in Fig. 2 .
As shown in Fig. 4 , the substitution of Nd 3+ (10 coordinated) by the slightly larger Ca In further analysis we attempted to follow the approach by Jonker [29] applied previously to RBaCo 2 O 5.5 below [6] and above [7] T MI , as well as to other mixed conductors [30] . That approach describes systems, in which two-carrier (hole and electron) transport is present. For RBaCo 2 O 5.5 material on the boundary between these two conduction mechanisms this approach should be suitable to apply. The balance between hole and electron conductivities determines a relation between the Seebeck coefficient α and the electrical conductivity σ. This relation in the Jonker approach is described as a universal pear-shape curve, which in the extrinsic regime (for high conductivities) predicts a linear relation α=(k B /e)lnσ. This relation was observed in Ref. The molar magnetic susceptibility, χ=M/H, in the paramagnetic region, was used to determine the effective paramagnetic moment μ eff , by fitting the Curie-Weiss formula
. In this formula χ 0 is a temperature-independent susceptibility,
is the spin-only effective paramagnetic moment (g = 2 is the gyromagnetic factor and S is the effective spin) and Θ is the paramagnetic Curie-Weiss temperature. Before the analysis, the calculated paramagnetic contribution of Nd 3+ ions was subtracted from the experimental data. We assume that Nd 3+ ions in Nd 1- ).
(Note that μ eff is a paramagnetic moment for one formula unit, i.e., two cobalt ions.) Of all the simple models used, the best description of the observed μ eff (x) dependence below Isothermal magnetization curves are presented in Fig. 9 . In all the samples, below T C , a clear hysteresis and no saturation up to 70 kOe can be observed. This is also true for the AFM region, although the shape of the magnetization curves is different. More complicated magnetization curves can also be observed (not shown), which indicate competing AFM and ferromagnetic interactions in these materials at low temperatures.
For higher Ca concentrations, pronounced hysteresis can be observed at RT [ Fig. 9(b) ].
The parameters determined from M(H) curves: M 70 (high field magnetization in H=70 kOe) and M rem (remanent magnetization in H=0) are presented in Fig. 9(c) .
Magnetization values M 70 and M rem in Fig. 9 materials as a function of oxygen doping for a fixed amount of substitution x in order to clarify the effects of disorder and doping on magnetic and electronic properties. 
